Abstract Accelerated sea level rise (SLR) in the twenty-first century will result in unprecedented coastal recession, threatening billions of dollars worth of coastal developments and infrastructure. Therefore, we cannot continue to depend on the highly uncertain coastal recession estimates obtained via the simple, deterministic method (Bruun rule) that has been widely used over the last 50 years. Furthermore, the emergence of risk management style coastal planning frameworks is now requiring probabilistic (rather than deterministic, single value) estimates of coastal recession. This paper describes the development and application of a process based model (PCR model) which provides probabilistic estimates of SLR driven coastal recession. The PCR model is proposed as a more appropriate and defensible method for determining coastal recession due to SLR for planning purposes in the twenty-first century and beyond.
The socio-economic impact of such accelerated coastal recession could be massive due to the rapid growth of coastal communities over the last 50 years or so which has led to billions of dollars worth of development and infrastructure within the coastal zone. To ensure the safety of growing coastal communities and to avoid massive economic losses in the future, predictions of coastal recession due to sea level rise (SLR) need to be highly reliable; now more so than ever before.
Although its usefulness as a predictive tool has been a controversial issue for decades (Cooper and Pilkey 2004; Pilkey and Cooper 2004; Nicholls and Stive 2004; Nicholls et al. 2007; Ranasinghe and Stive 2009; Stive et al. 2009 ), the method most commonly used to estimate coastal recession due to SLR is the simple two dimensional mass conservation principle known as the Bruun Rule (Bruun 1962) . Essentially, the Bruun Rule predicts a landward and upward displacement of the cross-shore sea bed profile in response to a rise in the mean sea level ( Fig. 1) and is expressed as:
where, h = the maximum depth of exchange of material between nearshore and offshore, L = horizontal distance from the shoreline to depth h, B = berm or dune elevation estimate for the eroded area, S = sea level rise, and R = horizontal extent of coastal recession. Recent comprehensive and objective reviews of all attempts to verify the Bruun Rule to date have concluded that while it may be suitable for qualitative first-pass regional scale assessments, its relatively low quantitative accuracy and robustness renders the Bruun Rule unsuitable for local scale assessments in which reliable estimates are required Stive et al. 2009 ). Furthermore, while the Bruun concept implies that SLR will result in the movement of sand from the berm or dune to the submerged nearshore profile, the actual physical processes by which this dune erosion will occur are not explicitly taken into account. Therefore, by necessity, the Bruun rule requires the specification of several input parameters that are associated with significant uncertainty. One major uncertainly is associated with the estimation of the slope of the active profile, which is governed by 'h' (i.e. depth of closure DoC), using empirical formulations. For example, the application of four widely used DoC formulations at Sydney, Australia resulted in active profile slope estimates ranging from 0.0625 (1 in 16) to 0.011 (1 in 91) ). This uncertainty range in the active profile slope alone would produce Bruun rule recession estimates that could vary by about 500% ).
Despite such ambiguities associated with the Bruun rule, coastal scientists and engineers have been routinely using this approach for almost five decades, mainly due to its simplicity and the lack of any other easy-to-use methods. However, can we continue to depend on the Bruun rule for predictions of future coastal recession? This question is now more relevant than ever, particularly in view of the potentially massive socio-economic losses in the twenty-first century and beyond.
Furthermore, the common practice of adopting a single value of coastal recession due to a single SLR estimate is also proving inadequate with the emergence of risk management style coastal planning frameworks which require probabilistic estimates of coastal recession. Although, Cowell et al. (2006) made a significant step forward in developing a method that produces probabilistic estimates of coastal recession due to SLR, this method essentially adopts the Bruun Rule to estimate the quantity of recession and is thus hampered by all the uncertainties and limitations associated with the Bruun concept.
The aim of the present study therefore, is to develop a new approach for estimating coastal recession due to SLR which completely departs from the Bruun concept. The main strengths of the method developed here are: (a) the physical processes governing coastal recession due to SLR (along un-interrupted coastlines) are explicitly taken into account, and (b) robust estimates of coastal recession are provided within a probabilistic framework.
Methods

Study area
Narrabeen Beach, Sydney, Australia is considered as a case study herein. The availability of over 30 years of concurrent wave, water level, and most importantly, monthly beach profile data makes Narrabeen beach an ideal site to test the new modelling approach developed in this study. Located 20 km north of Sydney, Narrabeen beach is a 3.6 km long embayed beach (Fig. 2) which is bounded by Long Reef Point to the south and Narrabeen Headland to the north. The beach experiences a microtidal (spring tidal range = 1.3 m), semi-diurnal tidal regime and is composed of fine to medium (0.3-0.4 mm) quartz and carbonate sands. The deepwater mean significant wave height is 1.6 m and the mean deepwater peak wave period is 10 s (Short and Trenaman 1992) . Of the nine survey profiles that were initially established in 1976, profiles 1, 2, 4, 6 and 8 have been surveyed monthly from 1976 to date. The locations of wave and water level measurements and survey profiles 1, 2, 4, 6 and 8 are shown in Fig. 2. 
Processes
Following common practice, the quantity of coastal recession (R) due to SLR is defined as the horizontal displacement of the dune position (toe of the dune) over a long time period. The basic physical philosophy underpinning the method presented herein is that any net long-term recession of the coastal dune is due to the combined effect of storm erosion and SLR. For example, assume that the mean water level (MWL) is zero (compared to a fixed datum) at present and the dune is at x = 0 (horizontal axis). Now say a 1 in 10 year storm occurs. The associated storm erosion will then result in a dune retreat of, say, 10 m (dune position x = −10). Now assume (1, 2, 4, 6, 8) are also shown (modified after Harley et al. 2010) that the next 1 in 10 year storm occurs in another 10 years when the MWL is elevated to 0 + 10 × (SLR/year). As dune recovery is a slow process relative to storm occurrence frequency, it is very likely that the dune will not completely recover to its original position in the 10 year period that elapses during the two 1 in 10 year storms. Therefore, say in the 10 year elapsed period the dune only advanced 5 m seawards from its eroded position (dune position x = −5). However, due to SLR, the MWL at the time the second storm occurs is elevated by 10 × (SLR/year) compared to the MWL 10 years ago. As the elevated MWL will result in the storm waves breaking closer to the coastline (due to the depth limited nature of wave breaking), the second storm will result in more erosion than would have occurred in the absence of SLR. Say the dune retreat associated with the second storm is 15 m (dune position x = −20). Thus the net dune retreat due to the combination of these two processes (i.e. hysteresis in dune recovery and enhanced storm erosion due to elevated MWL) over the 10 year period is 20 m (Note: even in the unlikely event that the dune does full recover between the two storms (i.e. no hysteresis in dune recovery), the process of enhanced storm erosion due to elevated MWL alone will still result in a net dune retreat of 15 m over the 10 year period). As time progresses and the MWL keeps increasing due to SLR, this combination of processes will recur, resulting in a gradual retreat of the coastline. If climate change results in more intense storms occurring more frequently, this rate of coastal retreat will accelerate further. An example of the possible occurrence of this process at Narrabeen beach, Sydney, Australia over the 1991-2001 decade is shown in Fig. 3 .
Probabilistic coastline recession model (PCR model)
The new probabilistic coastline recession (PCR) model presented here follows the basic procedure outlined below:
1. Generate a 110-year (1990-2100) time series of storms using data derived joint probability distributions of storm characteristics within a Monte Carlo simulation ), 2. Using IPCC projections (Meehl et al. 2007; Church et al. 2001 ), estimate the sealevel rise, S, at the time each storm occurs, 3. For each storm, estimate dune recession using the process based dune impact model presented by Larson et al. (2004) while allowing for dune recovery between storms, 4. Estimate the final dune toe position by temporally averaging the dune toe position in the last 2 years from this simulation, 5. Subtract the initial dune toe position from the final dune toe position to estimate dune recession R between 1990 and 2100, 6. Repeat 1-5 until exceedance probabilities greater than 0.01% converge (i.e. bootstrapping).
On a standard PC, the PCR model application described above takes about 1 h.
Storm time series
The 110 year storm time series is derived using the Joint Probability Method (JPM) model developed by Callaghan et al. (2008) . The JPM model essentially fits marginal, dependency and conditional distributions to long time series of forcing parameters (i.e. storm wave height, storm duration, storm wave period, storm wave direction, storm spacing, and tidal anomaly). These distributions are then used within a Monte Carlo simulation to derive a time series of storms and their associated characteristics. The JPM is fully described in ) and hence only a brief description is given here. The JPM is implemented as follows:
1. Identify meteorologically independent storm events from measured data 2. Fit extreme value distributions to offshore wave height and storm duration 3. Fit the dependency distributions between offshore wave height and storm duration, and between offshore wave height and storm surge 4. Fit the conditional distribution between offshore wave height and wave period 5. Determine the empirical distribution for offshore wave direction 6. Fit a non-homogenous Poisson distribution to the spacing between storms 7. Simulate the offshore wave climate using the fitted distributions to obtain storm time series.
Sea level rise
The latest SLR projections (by 2100 compared to 1990) given by the IPCC (Meehl et al. 2007 ) range from 0.18 m to 0.79 m, including an allowance of 0.2 m for uncertainty associated with ice sheet flow. However, IPCC advices that potentially larger values of SLR cannot be excluded (Meehl et al. 2007 ). Indeed, since 1993, the rate of SLR is estimated to have increased to about 3 mm/year (Leuliette et al. 2004) , while Church and White (2006) have shown that rate of SLR continues to accelerate. Significant regional variations in SLR can also occur due to spatial variation in thermal expansion (Meehl et al. 2007; Church et al. 2001 ).
Dune erosion model
Step 3 of the PCR model procedure requires a structural function capable of simulating storm induced dune erosion. Technically, a detailed process based numerical model such as Xbeach (Roelvink et al. 2009 ) or a semi-process based model such as SBEACH (Larson and Kraus 1989; Wise et al. 1996) could be used here. However, due to the multiple simulations required in the PCR model procedure, the use of such a detailed numerical model as the structural function results in highly inefficient computations. Therefore, the simplified wave impact dune erosion model presented by Larson et al. (2004) is considered as an alternative and efficient structural function to estimate storm induced dune erosion volumes in the PCR model. The basic premise of Larson et al.'s (2004) wave impact dune erosion model is that any slope approaching vertical and located in the swash zone will act as a barrier to the wave run-up. During large storm events, this vertical face is typically the dune face. A fundamental assumption in this approach is that there is a linear relationship between the wave impact (a force F on the dune due to the change in momentum flux of the wave bores impacting the dune) and the weight of sand eroded from the dune (ΔW) (Fisher and Overton 1984) . Thus,
where C E is an empirical coefficient, and F is given by:
where u 0 is the bore velocity, t is time, T is the incident wave period, g is gravitational acceleration, ρ is the density of water, and C u is n empirical coefficient. A definition sketch is given in Fig. 4 . After some mathematical manipulation, the rate of dune erosion (volume) is expressed as (Larson et al. 2004) :
Where,
and, dV = volume of sand eroded, ρ s = density of sediment, p = porosity. Under a few simplifying assumptions bore speed u o can be expressed as a function of run-up height (Z R ) and the elevation difference between dune toe and beginning of the swash (z o ) which reduces Eq. 5 to,
Z R is defined as a function of offshore wave parameters and beach slope while C s is a function of H rms /D 50 (Larson et al. 2004 ).
As this model relates the wave impact force applied to the dune to the volume of dune erosion, it is more representative of the physics associated with the specific process of dune erosion compared to the simple critical slope based avalanching process that describes dune erosion in both SBEACH and Xbeach. Furthermore, replacing the avalanching dune erosion model in SBEACH with Larson et al.'s (2004) wave impact due erosion model did not improve dune erosion predictions, while it did increase computational time (Callaghan 2008) . Therefore, to enable fast and physically defensible computations, Larson et al.'s (2004) wave impact dune erosion model is used in stand-alone mode as the structural function in the PCR model. A detailed description of the application of the JPM model to simulate storm erosion statistics at Narrabeen beach (in the absence of SLR) is given in , and hence only a brief summary is provided herein. For the purposes of the present model application, following common practice in the study area (Lord and Kulmar 2000; Kulmar et al. 2005) , a storm event is defined as a single meteorological event where the significant wave height exceeds 3 m. Following Kriebel and Dean (1993) , a sine-squared function (above the threshold wave height) is assumed to represent the time evolution of storm events. The data employed in this model application included 36 years of non-directional offshore wave data, 14 years of directional offshore wave data, and 90 years of water level data. The generalized Pareto distribution combined with the logistics model is employed to quantify the dependencies among the peak wave height (H s,max ), storm duration (D), and storm surge (R s ). The wave period which is found to be conditionally dependent on H s,max is modelled using a log-normal distribution. Wave directions (θ p ) are modelled using an empirical distribution fitted to the directional wave data. Storm occurrence is modelled using the spacing between events and assuming a non-homogeneous Poisson process with an annual variation in the occurrence intensity. The most dominant seasonally varying feature of storms in the study area is the occurrence of more storms in winter than in summer. The annual variation in occurrence intensity adopted in the Poisson process sufficiently represents this dominant seasonal signal. Storm grouping is also found to be sufficiently well represented by the Poisson process.
Since the primary interest of this study lies in dune erosion volumes (which ultimately determine dune/coastline recession), the JPM model's ability to produce storm time series' that can result in modelled dune erosion estimates which are statistically similar to measurements should be tested. Unfortunately, the measurements at Narrabeen beach do not always explicitly identify the dune toe and/or top, and therefore the exact amount of storm induced dune erosion cannot always be directly determined from the available data. Therefore, storm erosion volumes above the 2 m contour (thus including part of the beach seaward of the dune) are used as a proxy for dune erosion volumes. However, as Larson et al.'s (2004) wave impact dune erosion model only provides estimates of the erosion of the dune itself and not of the beach seaward of the dune, SBEACH (which simulates the entire cross-shore profile) was used as the structural function in this comparison. As both the standard and modified (with Larson et al.'s (2004) wave impact dune erosion model) of SBEACH have been shown to produce similar results (Callaghan 2008) , the above described procedure is expected to provide a defensible validation of the JPM model's ability to simulate realistic dune erosion volume statistics.
Although the sediment budget of the headland bounded Narrabeen beach is relatively well closed, intra-embayment cyclic beach rotation in response to the ENSO phenomenon has been observed at this site (Harley et al. 2010; Ranasinghe et al. 2004 ). Short and Trembanis (2004) indicated that the fulcrum around which this rotation occurs is located in the vicinity of the central survey profile (Profile 4). Therefore, to minimise the potential impact of alongshore processes on the analysis, the model/data comparison was performed only for Profile 4.
The following procedure was adopted to obtain the time series of storm erosion volumes:
A. Assume first storm event at time t B. Generate random realizations of H s,max , D, T, θ p, R s for the storm C. Transfer the offshore wave climate to nearshore (using the wave model SWAN) D. Estimate beach erosion using structural function (SBEACH) E. Determine beach recovery till next storm using the dune recovery model (see Section 3.3) F. Repeat (B) to (F) The length of the simulation depends on the desired accuracy at a given return level . In this study a simulation length of 1,000 years was adopted. This is expected to result in reasonably accurate predictions for at least upto 100 year return period events.
The block averaging and consecutive volumes methods were used to convert beach profile measurements to erosion volumes to obtain a qualitative estimate of bias. The block averaging method estimates average beach volume in 1.5 month bins and then determines the maximum change in a 12 month period. The consecutive volumes method estimates beach erosion from successive profile measurements while correcting for the number of effective storms between surveys. Figure 5 shows that the model/data comparisons are acceptable. The model/data mismatch at the 30 year return interval is expected to be due to the availability of only one data point at that return interval rather than due to model inaccuracies.
This result also indicates that the extent of data used in this model application (i.e. 35 years of wave data and 90 years of water level data) is sufficient to obtain reasonable predictions upto return periods that are not negatively affected by field data sampling limitations. It maybe possible to obtain similar predictions with less data, but this is yet to be fully investigated.
Sea level rise
The upper bound SLR estimated for the Sydney region, accounting for regional variations, is 0.92 m by 2100 compared to 1990 (McInnes et al. 2007 ). This upper bound of 0.92 m and the shape of the SLR curve from IPCC (2001) (Church et al. 2001 ) are adopted in the PCR model. The SLR curve is approximated using a fourth order polynomial function. 3.3 Dune erosion and recovery Larson et al.'s (2004) wave impact dune erosion model (see Section 2.3.3) is used to calculate dune erosion volumes. Based on over 30 years of field measurements in the study area, the dune height and C s were defined as 5 m and 1.5 × 10 −3 respectively. The C s value of 1.5 × 10 −3 is within the realistic range of 5 × 10 −5 < Cs < 5 × 10 −2 specified by Larson et al. (2004) . The dune recovery rate was calculated based on observations at Narrabeen beach, Sydney, and Gold Coast, Queensland, Australia. Long term observations at both these sites suggest that the long term averaged dune toe position is located at about 2 m above MSL. Therefore, the dune recovery rate that results in an average dune toe position of 2 m above MSL (over a 110 year simulation period) was determined via trial and error application of the PCR model to Narrabeen beach without SLR (i.e. storm forcing only). The 0.1 m 3 /m/day dune recovery rate thus determined was adopted in the subsequent SLR inclusive PCR model application to Narrabeen beach described in Section 4 below.
Results
The probabilistic estimate of coastal recession at Narrabeen beach when the PCR model was applied with the above described settings is shown in Fig. 6 .
When S 2100 is taken as 0.92 m (McInnes et al. 2007 ), Fig. 6 indicates, for example, a 50% probability of coastal recession exceeding 20 m (R/S 2100 = 22), and a 1% probability of exceeding 45 m (R/S 2100 = 49).
For comparison, the Bruun rule (Eq. 1) was applied to Narrabeen beach to estimate the coastal recession due to the same 0.92 m SLR by 2100. The main issue regarding the application of the Bruun Rule to any location is the determination of the depth of closure (DoC) and hence active profile slope. Therefore, in this comparison, three commonly adopted methods were used to calculate the DoC; (a) Hallermeier's inner DoC d l (Hallermeier 1983) , (b) Hallermeier's outer DoC d i (Hallermeier 1983) , and (c) Nicholls et al.'s DoC d c (Nicholls et al. 1996) . A dune height of 5 m and a shape factor A (in Dean's (1991) equilibrium profile) of 0.14 were Table 1 . Figure 6 and Table 1 indicate that, depending on the DoC formulation used, Bruun rule estimates of coastal recession can lie between 8% and <1% probability of exceedance. This indicates that, at least at this site, Bruun rule estimates appear to be highly conservative. Whether Bruun rule estimates are universally conservative is, however, a matter requiring further investigation. Even if that were the case, an important question that coastal managers and planners need to address is whether such a high degree of conservatism is indeed warranted. The answer to this question would lie in the potential consequences of various degrees of coastal recession and the level of risk managers, planners and communities are willing to take.
Advantages and limitations of the PCR model
Advantages
In contrast to the deterministic, single value estimate of coastal recession provided by a direct application of the Bruun rule, the PCR model provides probabilistic estimates of SLR driven coastal recession that are required by contemporary risk management style coastal planning frameworks.
The uncertainty associated with PCR model estimates is likely to be less than that associated with Bruun rule estimates as the former does not require highly uncertain estimates of the depth of closure. Furthermore, the bootstrapping method employed in the PCR model minimises the uncertainty associated with model predicted probabilistic estimates.
Unlike the traditionally used Bruun rule, which does not describe the physics of coastal recession, The PCR model provides probabilistic estimates of coastal recession based on governing physical processes. The model requires minimal computing effort and requires as input long term water level and wave data which are now available via widespread tide gauges and global wave hind cast models (e.g. WW3, ERA40), and is thus likely to be widely applicable.
Limitations
In the present application of the JPM model to Narrabeen beach, a storm event is defined as a single meteorological event where the significant wave height exceeded 3 m. While this definition has been tested over time for the study area (Lord and Kulmar 2000; Kulmar et al. 2005) , it is unlikely that this definition will be universally applicable. Furthermore, in this application, based on measurements in the study area, it was assumed that the wave direction is independent of wave height. This assumption may also not be universally applicable.
The dune recovery rate adopted for this application is based on measurements at two Australian beaches (Narrabeen and Gold Coast), and hence may not be universally valid. However, sensitivity tests indicate that a doubling or halving of the dune recovery rate (from the 0.1 m 3 /m/day adopted for Narrabeen beach) does not result in significantly different recession estimates. An order of magnitude increase in the dune recovery rate (∼1 m 3 /m/day, which is, however, at the edge of geophysical reality) can result in upto 500% and 50% increases in the high (>90%) and low (<10%) exceedance probability recession estimates respectively. The purely empirical determination of the dune recovery rate is certainly the weak link in the PCR model, and to remedy this, a devoted 4 year research project is currently being undertaken with the primary aim of developing a process based, yet simple model of dune recovery.
In the present application of the PCR model to Narrabeen beach, the only climate change impact that is considered is SLR. Climate change driven variations in wave climate can be handled by the Poisson approach adopted in the JPM model, at the cost of adding significant complexity to the model. However, McInnes et al. (2007) indicated that climate change driven variations in the wave climate in the study area is likely to be minimal, and hence this phenomenon was justifiably omitted from the model application presented herein. This omission may not be universally justifiable.
Over 30 years of wave and water level measurements were used in the present model application to obtain the various necessary forcing distributions. This does not necessarily mean that such abundant field measurements are a pre-requisite for PCR model applications. It is quite likely that global hindcast data sets would produce not too dissimilar probabilistic predictions of coastal recession. However, this needs to be evaluated by re-simulating the Narrabeen beach case study and other case studies with both measured and hindcast data.
Conclusions
A process based, probabilistic model to derive estimates of SLR driven coastal recession has been developed (PCR model). The PCR model completely departs from the traditionally used Bruun rule and provides probabilistic estimates of coastal recession based on governing physical processes. The concurrent application of the PCR model and the Bruun rule to data rich Narrabeen beach, Sydney, Australia for the year 2100 planning horizon shows that Bruun rule estimates for this location appear to be highly conservative (<8% probability of exceedance).
While the sensitivity of model results to the several simplifying assumptions in the PCR model need to be rigorously evaluated, the uncertainty associated with PCR model estimates is likely to be less than that associated with Bruun rule estimates of coastal recession. Furthermore, the PCR model is anticipated to be widely applicable due to the availability long term water level and wave data via widespread tide gauges and global wave hind cast models (e.g. WW3, ERA40). Therefore, the PCR model is suggested as a more appropriate and defensible method for the determination coastal recession due to SLR for planning purposes. The robust and probabilistic estimates of SLR driven coastal recession given by the PCR model, when used in conjunction with socio-economic information, will enable the development of effective risk based coastal planning decisions and adaptation strategies to minimise the impact of climate change in vulnerable coastal areas.
